The Bacillus subtilis genome encodes eleven Rap proteins, which are conserved tetratricopeptide-containing regulatory proteins. Of those characterized to date, all except RapI negatively regulate response regulators, including Spo0F, ComA and DegU, via protein-protein interactions. RapD has not yet been fully characterized. It was examined whether RapD inhibits the expression of spoIIE, srfA and aprE, which are Spo0F-, ComA-and DegU-regulated genes, respectively. It was observed that multicopy rapD inhibited srfA expression, which suggests that RapD inhibits ComA. This was reinforced by the fact that multicopy rapD also blocked the expression of rapC and rapF, which belong to the ComA regulon. The expression of rapD was reported to depend on the extracytoplasmic function sigma factor SigX. DNA microarray analysis and gel retardation assays revealed that rapD expression is directly repressed by RghR. Thus, the ComA regulon is regulated by rapD in a SigX-and RghR-dependent manner.
Introduction
The Bacillus subtilis genome encodes eleven Rap proteins as well as eight Phr peptides that inhibit the Rap proteins (Perego, 1997; Pottathil & Lazazzera, 2003) . The Rap proteins that have been characterized to date have been found to inhibit the response regulators of various two-component regulatory systems in B. subtilis. These response regulators include Spo0F, ComA and DegU, and the Rap proteins inhibit their function by protein-protein interactions through six tetratricopeptide repeats (Pottathil & Lazazzera, 2003; Auchtung et al., 2006) . For example, RapA, RapB and RapE negatively regulate Spo0F, which is a component of the phosphorelay system that controls the initiation of sporulation; the negative regulation of Spo0F by the Rap proteins blocks the phosphorylation of the master regulator Spo0A and thereby prevents sporulation (Grossman, 1995; Perego & Hoch, 1996; Perego, 1999; Jiang et al., 2000; Ishikawa et al., 2002) . Of the three Rap proteins that negatively regulate sporulation, RapA is the strongest. Moreover, RapA activity has been shown to be important for establishing bistability during the early stages of sporulation, where some cells of the population initiate sporulation and others do not (Veening et al., 2005) . Very recently, it was reported that RapJ influences the expression of many genes regulated by Spo0A (Auchtung et al., 2006) . The Rap proteins that negatively regulate the ComA response regulator are RapC, RapF, RapG and RapH (Solomon et al., 1996; Lazazzera et al., 1997; Bongiorni et al., 2005; Hayashi et al., 2006) . The ComA response regulator activates the expression of several genes, including srfA, rapC and rapF, which are involved in competence development (Ogura et al., 2001; Comella & Grossman, 2005) . Thus, ComA, RapC and RapF constitute a negative feedback loop (Lazazzera et al., 1999) . Very recently, RapK was also shown to inhibit ComA activity (Auchtung et al., 2006) . With regard to the DegU response regulator, RapG and RapH negatively regulate the expression of genes such as aprE and sacB, which are activated by DegU (Ogura et al., 2003; Hayashi et al., 2006) .
Rap proteins generally inhibit response regulators by two different mechanisms. In the first, the Rap protein accelerates the dephosphorylation of its phosphorylated target protein. For example, RapA, RapB and RapE accelerate the dephosphorylation of Spo0F (Perego, 1997; Jiang et al., 2000) . In the second mechanism, the Rap protein inhibits the DNA binding of the response regulator. For example, RapC and RapF inhibit the DNA-binding activity of ComA, while RapG prevents the DNA binding of DegU (Core & Perego, 2003; Ogura et al., 2003; Bongiorni et al., 2005) . RapI is an interesting exception to these general rules, as it seems to control the excision of a mobile genetic element by regulating a transcription factor that is not a response regulator (Auchtung et al., 2005) .
The Rap proteins themselves are controlled by the Phr peptides. These peptides are generated from precursor forms by processing, after which they are secreted into the extracellular space and then incorporated into the cells. This then inhibits their cognate Rap proteins (Perego, 1997; Pottathil & Lazazzera, 2003) . While RapB, RapD and RapJ lack cognate Phr proteins, the other rap genes form operons with their cognate phr genes. The expression of the rap-phr operons is regulated by several factors. In most cases, phr gene expression is induced by the alternative sigma factor SigH; consequently, phr gene expression is induced at the transition state between the growing and stationary phases (McQuade et al., 2001) .
The RghR repressor negatively regulates the expression of rapG and rapH (Hayashi et al., 2006) . In addition, the expression of rapH is indirectly stimulated by ComA through ComK, which is suggestive of a negative feedback loop. Furthermore, the expression of rapA is downregulated by Spo0A and DegU (Ogura et al., 2001; Molle et al., 2003) , while the expression of rapC, rapE, rapF and rapI is indirectly upregulated by Spo0A (Fawcett et al., 2000; Molle et al., 2003) . In general, regulation of the expression of rap genes is integrated into the complex regulatory networks for developmental pathways.
To date, the functions of RapD remain poorly understood, unlike the other Rap proteins mentioned above. Here, it was investigated whether the RapD protein is also involved in regulating Spo0A-, ComA-and/or DegU-controlled gene expression. To do so, a multicopy system was used. It was observed that RapD inhibited the expression of srfA, which is controlled by ComA. Moreover, it was found by DNA microarray analysis that rapD may be a member of the RghR regulon, which we confirmed by showing that RghR binds to the upstream region of rapD in a gel retardation assay.
Materials and methods

Bacterial strains and culture media
All of the B. subtilis strains used in this study are listed in Table 1 . One-step competence medium (MC, Kunst et al., 1994) or Schaeffer's sporulation medium was used in experiments designed to determine b-galactosidase activity in fusion-bearing cultured cells. For DNA manipulation, Escherichia coli cells were grown in Luria-Bertani (LB) medium. The concentrations of antibiotics used have been detailed previously (Ogura & Tanaka, 1996) .
Plasmid construction
Synthetic oligonucleotides were commercially prepared by the Tsukuba Oligo Service (Ibaraki, Japan). To construct pRB-rapD, a PCR product was generated with the RapDop-B (5 0 -ATCGGATCCATCTGCATTAGTATGTATA-3 0 ) and RapD-op-P primers (5 0 -ATCCTGCAGTCAGCCGCGCAT-GATAAAA-3 0 ). The product was then digested with BamHI and PstI and cloned into pRB373, which had been digested with the same restriction enzymes (Bruckner, 1992) .
b-galactosidase assay
Samples were taken at hourly intervals, and the b-galactosidase activity was determined as described previously (Ogura & Tanaka, 1996) .
DNA microarray analysis
For DNA microarray analysis, both the control CU741 strain and its chloramphenicol-resistant derivative with an rghR disruption were grown in MC liquid medium and harvested two hours after the end of vegetative growth (T0). RNA isolation and DNA microarray analysis were performed as described previously . Two Hayashi et al. (2006) independent hybridization experiments were carried out using a glass plate on which two complete sets of the amplified PCR products derived from each gene were present. Thus, four data sets were obtained for each gene tested. By our criteria, genes with 4 threefold or o 1/3-fold differences in signal intensities were considered to show a meaningful fluctuation in transcription.
Protein purification
The induction and purification procedures for the preparation of protein expressed in E. coli were as described previously (Hayashi et al., 2006) . His-tagged RghR was expressed as a soluble protein in E. coli M15 cells carrying pRep4, and step-wise elution with imidazole from a Ni-affinity column was used for the purification.
Gel retardation assay
Biotinylated DNA probes were used, which were generated by PCR amplification using primer pairs rapD-F (5 0 -CGGGTACTGAGGAAAATGTC-3 0 ) and rapD-R (5 0 -biotin-TTTCCTACCTCTTTGCTATT-3 0 ), rapD-op-B and rapD-R, and ykcB-F (5 0 -biotin-ATTGTGATTCTTTTGCCTTC-3 0 and ykcB-R (5 0 -AGGAGGACGATATCCAGCT-3 0 ) for the gel retardation assays as described previously (Ogura et al., 2003) . After electrophoresis, DNA was transferred to a positively charged nylon membrane. Detection of biotinylated DNA was performed using a nonradioisotope DNA detection kit (Chemiluminescence; Toyobo Co.).
Results
Multicopy rapD inhibits srfA-lacZ expression
In this study, spoIIE, srfA and aprE served as representative genes in the Spo0A, ComA and DegU regulons, respectively (Kunst et al., 1994; Grossman, 1995) . The spoIIE gene is directly activated by phosphorylated Spo0A and thus the expression of this gene should mirror the activity of Spo0F (Grossman, 1995) . The effect of disrupting rapD was initially examined on the gene expression of srfA, aprE and spoIIE, but relatively little change in gene expression was observed. This is probably because redundant rap genes compensate for the possible effects of a rapD gene disruption (data not shown). Consequently, a multicopy gene dosage system was adopted using plasmid pRB373.
In the cells carrying pRB-rapD, the expression of srfA was severely decreased but a marked change in aprE and spoIIE expression was not observed (Fig. 1a-c) . This suggests that RapD inhibits ComA. This is supported by the fact that multicopy rapD also inhibited the expression of rapC and rapF, which are also ComA-controlled genes ( Fig. 1d and e) .
rapD is overexpressed in the rghR cells
During the course of the investigation of RghR, it was observed that the expression of rapD was negatively regulated by RghR. Previous DNA microarray analysis of rghRdeficient cells revealed that RghR inhibits the expression of rapG and rapH, whose products inhibit the ComA response regulator (Hayashi et al., 2006) . However, this analysis was carried out with total RNA from cells that had been grown in LB medium and that were at the early logarithmic growth phase. Under these conditions, the cells should not be in the competent state. Therefore, a DNA microarray analysis of rghR cells was performed using total RNA from cells that were grown in MC medium and were at the early stationary phase instead. Under these conditions, a subpopulation of the cells will be in the competent state (Dubnau & Lovett, 2002) . The rghR cells in these conditions showed 220 genes with decreased expression ( o 1/3-fold) and 50 genes with increased expression ( 4 threefold). In the former report, only three direct targets of the RghR repressor were identified (Hayashi et al., 2006) . The new microarray result showed that 47 genes were potentially direct targets for the RghR repressor. To identify genes that are regulated directly by RghR, more detailed experiments are needed, because the microarray result showed the genes whose expression were regulated either indirectly or directly. The raw data can be downloaded from the KEGG EXPRESSION database; http:// www.genome.jp/kegg/expression/.
The data were summarized as shown in Table 2 . rapG and rapH were overexpressed in the rghR-deficient cells, while the ComA regulon genes (Ogura et al., 2001; Comella & Grossman, 2005) were downregulated. This was expected as RhgR downregulates rapG and rapH thereby facilitating the expression of the ComA regulon genes. The ComK regulon genes also showed severely downregulated expression (Berka et al., 2002; Hamoen et al., 2002; Ogura et al., 2002) . This was also expected as ComA-controlled srfA expression is required for the activation of ComK. Furthermore, few of the genes belonging to the phosphorylated DegU (DegU-P) regulon, including degU itself, were downregulated (Ogura et al., 2001; Mader et al., 2002) . This is because RapG and RapH also inhibit DegU activity (Ogura et al., 2003; Hayashi et al., 2006) . However, as the medium conditions used for this microarray analysis are not suitable for analyzing the expression of DegU-P-regulated genes, only a small portion of the DegU-P-regulon was detected in this study.
With regard to rapD, it was observed that its expression was upregulated in the rghR cells. This was also confirmed by the b-galactosidase assay using a rapD-lacZ fusion. Low levels of b-galactosidase activity of rapD-lacZ (1 Miller units) were observed in liquid culture using MC medium, and the activities were enhanced up to 3.5 Miller units by an introduction of the rghR disruption into the rapD-lacZ cells.
In addition, pale-and dense-blue colonies derived from the rapD-lacZ and rapD-lacZ rghR cells, respectively, were observed on the MC medium plates containing X-gal (5-bromo-4-chloro-3-indolyl-D-galactoside) as an indicator of b-galactosidase activity (data not shown). As the expression levels of many regulators were altered in the rghR cells, e.g. fruR, glnR and licT (Table 2) , the increased expression of rapD in these cells may be due to one or more of several possibilities. However, the simplest scenario is one where rapD belongs to the RghR regulon along with its rap homologues rapH and rapG.
To examine the possible effect of overexpression of rapD on the expression of comK, pRB-rapD was introduced into the cells carrying a comK-lacZ fusion, and b-galactosidase activities were measured. As shown in Fig. 1f , pRB-rapD downregulated the expression of comK-lacZ. The abolishment of comK expression could be due to downregulation of srfA by pRB-rapD. Based on these data, it was concluded that rapD overexpression in rghR cells contributed to the inhibition of the expression of the genes belonging to the ComK regulon.
Gel retardation assay using RghR and the upstream region of rapD
The above observations led to the hypothesis that RghR directly regulates rapD expression by binding to the rapD upstream region. His-tagged RghR protein was purified from the cleared lysates of E. coli cells expressing this protein. Gel retardation analysis indicated that His-tagged RghR bound to the long and short rapD upstream regions, i.e. the À 350 to À 1 and À 174 to À 1 relative to the translation start site (Fig. 2a) . This observation showed that RghR recognized the sequence(s) within the À 174 to À 1 region. DNA binding was specific as the binding assays were performed in the presence of a 1000-fold excess of poly dIdC. In addition, RghR did not bind to the upstream region of the ykcB gene, which is not subject to RghR regulation, under similar conditions (Fig. 2b) . This reinforced the notion that RghR specifically binds to the rapD promoter.
Discussion
In this study, RapD was found to be a negative regulator of ComA-controlled gene expression using a multicopy T1 T2 T3 T4 T5  T0 T1 T2 T3 T4   T-1 T0 T1 T2 T3  T-1 T0 T1 T2 T3  T0 T1 T2 T3 It was found that RghR represses rapD expression directly, similar to its effect on rapG and rapH expression. Moreover, candidate RghR-binding site(s) must lie within the À 174 to À 1 region relative to the translation start site of the rapD gene. However, correct recognition site(s) of RghR on the rapD gene remains to be determined. Furthermore, the ligand that inactivates the RghR repressor is unknown.
Other proteins that are known to affect rapD expression include SigX, which is one of the extracytoplasmic function (ECF) sigma factors . The rapD promoter has also been reported to be recognized in vitro by the other ECF sigma factor: SigW . The SigX regulon is involved in cell surface modification against antimicrobial peptides (Cao & Helmann, 2004) , and the SigW regulon is strongly induced by antibiotics that inhibit cell wall synthesis (Cao et al., 2002) . As the expression of rapD is directed by both sigma factors, the expression of the ComA regulon might be linked to the responses to the antibiotics through RapD. These ECF sigma factors are known to be negatively regulated by their cognate antisigma factor. For example, RsiX is the antisigma factor for SigX (Huang et al., 1997) . The disruption of rsiX has been reported to activate its cognate sigma factor SigX, which leads to the overproduction of RapD . The increased amount of RapD would downregulate srfA expression in the rsiX cells. This, in turn, downregulates ComK, a master regulator of competence development, as srfA is required for the positive regulation of ComK (Dubnau & Lovett, 2002) . Indeed, the disruption of rsiX has been reported to downregulate comK expression and thus competence development (Tortosa et al., 2000) . Therefore, the fact that RapD downregulates srfA expression is entirely consistent with the observation of Tortosa et al. (2000) .
Like RapB and RapJ, RapD lacks a cognate Phr peptide. However, in the case of RapB, the PhrC peptide antagonizes RapB activity (Perego, 1997 ). Thus, it remains possible that another Phr peptide may inhibit RapD activity. However, this question remains to be addressed in future studies. Fig. 2 . Gel retardation assays of RghR binding to the rapD upstream region. Samples were separated by 6% native polyacrylamide gel electrophoresis. All reactions contained poly dI-dC (1.0 mg/25 mL). C and F indicate DNA-protein complexes and the free probe, respectively. (a) The two rapD DNA probes span the À 350 to À 1 and À 174 to À 1 relative to the translation start site of the rapD upstream region. The probes were incubated with Histagged RghR (lanes 1 and 7, no addition; 2 and 8, 33 nM; 3 and 9, 100 nM; 4 and 10, 0.3 mM; 5 and 11, 0.9 mM; 6 and 12, 2.7 mM). (b) The ykcB probe spans À 302 to À 1 relative to the translation start site of the ykcB upstream region. The probes were incubated with His-tagged RghR (lanes 1, no addition; 2, 0.3 mM; 3, 0.9 mM; 4, 2.7 mM).
